Abstract. Unlike traditional minutiae-based fingerprint matching approach, which establishes the minutiae correspondence between two fingerprints, in this paper a novel ridge-based fingerprint matching algorithm, which establishes the exact ridge correspondence between two fingerprints is proposed. The ridge correspondence is called 'exact' because correspondences between points on ridges are also established. The matching score is computed as the ratio of the length of matched ridges to that of all ridges. Experimental results on FVC2002 databases show that the ridge matching approach performs comparably to minutiae-based one, and an obvious improvement on matching performance can be obtained by combining the two matchers.
Introduction
Although fingerprint-based identification is one of the most mature and proven automatic personal identification techniques, there are still a lot of challenges that are often caused by the following reasons: (1) low quality fingerprint images; (2) small size fingerprint sensors. (3) non-linear distortion. A large number of fingerprint matching algorithms have been proposed in the literature. According to [1] , existing fingerprint matching approaches can be coarsely classified into three families: correlation-based matching [2, 3] , minutiae-based matching [4, 5] , and ridge feature-based matching [6, 7] . Correlation-based methods preserve most of the information in fingerprints, but are fragile to nonlinear distortion; Minutiae-based methods are flexible, but sensitive to noise; and Ridge feature-based methods are robust to noise, but seem to be less distinctive. Since each approach has its strengths and weaknesses, hybrid approaches are also proposed [8] .
The fingerprint matching approach proposed in this paper does not belong to any of the three families. This approach tries to combine the advantages of three families of matching approaches. It has the potential ability to preserve most of the information in fingerprints like correlation-based methods, to be distinctive and flexible like minutiae-based methods, and to be robust to noise like ridge feature-based methods. This approach is based on ridges. Ridge image, also called thinned image or skeleton image, is intermediate result in many fingerprint feature extraction algorithms. Although ridge-based fingerprint matching approaches have been neglected for many years, we think that ridge image is very suitable for matching due to its distinctiveness and robustness.
Although ridges have been used implicitly in the correlation-based matching algorithms [2] and explicitly in the alignment algorithm [5] , only Isenor and Zaky [9] tried to identify fingerprint by matching ridges explicitly. However their algorithm only establishes the rough correspondences of ridges. That is to say, their algorithm determines ridge a is matched to ridge b, but does not determine which portion of ridge a is matched to which portion of ridge b. Since fingerprints are often partially overlapped and ridges can be broken or connected wrongly due to noise or imperfection of the feature extraction algorithm, such rough correspondence of ridges is not enough for representing the exact matching degree of two fingerprints from the same finger. Meanwhile, for different fingerprints with similar global ridge patterns, good rough correspondences of ridges might be established. Therefore, establishing only rough ridge correspondences is not enough to determine whether two fingerprints are from the same finger.
In this paper, a novel fingerprint matching algorithm is proposed, which establishes exact ridge correspondence between two fingerprints. In our approach, a ridge is represented by a list of points sampled equidistantly on the ridge, and the correspondences of such points are established. It is in this sense that the ridge correspondence is called 'exact'. The ridge matching algorithm works as follows. First, a pair of ridges that are most similar is found. Then this pair of ridges is used as the base pair, and the ridges next to them are compared. Consequently the new matched ridges are used as the base pair, and the ridges next to them are compared, and so on. This recursive procedure proceeds until no more ridges can be matched. At last, a matching score is computed based on the length of matched ridges. Since the first base pair of ridges may not be the true matched pair, multiple pairs of ridges can be chosen as the initial base pairs and the above recursive matching procedure can be performed for multiple times. Finally the maximum score of the multiple procedures is used as the final matching score of the two fingerprints. Experiment results on FVC2002 databases [10] show that the proposed ridge-based matching approach performs comparably to the minutiae-based one, and an obvious improvement on matching performance is obtained by combining the two matchers.
In the next section, we describe the ridge matching algorithm in detail. The experimental results and analysis are given in section 3. Finally in section 4, summary is presented and future directions are suggested.
Ridge matching
Given two grayscale fingerprint images, I 1 and I 2 , we obtain their ridge images (thinned image), T 1 and T 2 , and minutiae sets, M 1 and M 2 , using an algorithm developed in our laboratory, which is similar to the algorithm described in [5] . Then our ridge matching algorithm accepts as input the two ridge images and the two minutiae sets, and outputs a score that indicates the degree of similarity between the two fingerprints. In 2.1, the representation of ridges is described. In 2.2, how to compare two aligned ridges is explained. In 2.3, how to find a set of initial base pairs of ridges is described. Given an initial pair of ridges, how to match all the remaining ridges, the most important part of the matching process, is presented in 2.4. In 2.5, the concept of relational distance is adopted to prevent false matches. Finally in 2.6, the computation of the matching score is described.
Representation of Ridges
Due to noise in fingerprint images and imperfection of the feature extraction methods, there are complex structures, such as loops and bridges, in the ridge images. In order to make the ridge structure simple and consequently the following matching algorithm easier, a pre-processing step is performed: (1) Closed ridges are disconnected at an arbitrary point; (2) Ridges associated with bifurcations are split into three ridges; (3) Short ridges are removed. In the matching stage, it is unnecessary and time-consuming to examine every point on a ridge. Therefore, each ridge is sampled equidistantly and is represented by the list of sampled points.
Match Aligned Ridges
Given two aligned ridges, ; (2) monotonously increase or decrease respectively; (3)
(1) The last condition means that to make the algorithm more robust to noise, slight discontinuity in a matched point string is allowed. Such point strings can be found in T using dynamic programming technique [11] . If the longest list consists of more than K th (i.e., K th =3) pairs of points, the correspondence between matched points will be recorded.
Find the Initial Base Pairs of Ridges
This step is to find a set of N initial matched ridge pairs
from two ridge sets R 1 and R 2 . Since the pose transformation between the two fingerprints is unknown in advance, we restrict our search space to ridges associated with minutiae. We use the approach proposed in [5] to measure the similarity degree between any two ridges. The top N ridge pairs are selected as the initial matched ridge pairs.
Match All Ridges
Given an initial pair of matched ridges, the ridges next to them can be aligned and paired. Then the ridges next to the newly matched ridges can be aligned and paired, and so on. Such procedure can be implemented as a recursive function. The pseudo-codes of the recursive function MatchNearbyRidges is given below. 
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The result of comparing two aligned ridges can be completely unmatched, completely matched or partly matched. Due to noise, nonlinear deformation, partial overlap, and imperfection of the feature extraction algorithm, the corresponding ridges between two fingerprints from the same finger are not necessarily completely matched. Therefore, in the case of partly matched, unmatched parts of the ridges will be left over as new ridges that will be matched later.
Consistency Constraint
As described in the previous section, in order to deal with in-class variations in ridge structures, a ridge can be split into several short ridges. As a result, there are dangers that ridges from different fingers may match well with each other due to multiple splits. We adopted the concept of relational distance defined by Haralick and Shapiro [12] to prevent such cases. Let . We will define adjacency relation for matched ridges in the following fashion. Ridge i and ridge j have adjacency relation if they are from the same ridge and directly connected. Adjacency relation also contains the information whether head or tail of ridges is adjacent. The head and tail of a ridge can be specified arbitrarily, but for matched ridges, they should be consistent. Such information is recorded when a pair of ridges is found to be partly matched and ridges are split into multiple ridges. Let 
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Using the above definitions, we can compute the relational distance as follows. At first, set the relational distance to 0. For each relation in , if no matched relation can be found in , relational distance is increased by 1. Then for each relation in , if no matched relation can be found in , relational distance is increased by 1. We can reasonably expect that the relational distance of a genuine match should be small, and it is 0 when ridge matches are completely consistent. If the relational distance is greater than a threshold, the matching score for this matching procedure is set to 0. 
2.6
Matching Score
As two fingerprints may share a small overlapped region, in order to evaluate the similarity degree of them, we should consider only the matching status in the overlapped region. For each of the two fingerprints, compute the convex hull of ridge images. The overlapped region is the intersection of two convex hulls that are aligned according to the initial pairs of ridges. The matching score
of the ith matching procedure can be computed according to the following formula:
where N i1 and N i2 is the number of ridge points of two fingerprints in overlapped region, and N im is the number of matched sampled points. Then the final matching score is equal to the maximum of i score .
Experimental Results
Experiments have been conducted on DB1_A of FVC2002. This databases consists of 800 fingerprint images from 100 fingers (eight impressions per finger). The performance evaluation protocol used in FVC2002 [10] has been adopted. For genuine match, each impression of each finger is compared with other impressions of the same finger. The number of matches is . For impostor match, the first impression of each finger is compared with the first impression of other fingers. The number of matches is . 2 8 100 2800
Two examples, one for genuine match and another for impostor match, are given in Fig. 1 . From the figure, we can see that most of the ridges in the overlapped region of two fingerprints from the same finger are matched, while most of the ridges in the overlapped region of two fingerprints from different fingers are unmatched. For examples shown in this figure, the matching score of genuine match is 0.95 and the matching score of impostor match is 0.11, which are obviously easy to be distinguished from each other.
The algorithm presented in this paper is compared with a minutiae-based matching algorithm previously developed in our lab. The ROC (Receiver Operating Characteristic) curves of these two methods are plotted in Fig. 2 . The EERs of the ridge-based one and the minutiae-based one are 1.2% and 1.8%, respectively. In terms of EER (Equal Error Rate), the performance of ridge matching approach is slightly better than that of minutia matching one. In terms of ROC, however, it is hard to determine which one is better. In the region of low threshold, the performance of ridge matching approach is better than that of minutia matching one. In the region of high threshold, the result turns out contrary. Superiority in the region of low threshold means that the ridge matching approach is good at handling difficult genuine matches. This proves that, due to amount of information carried by ridges, the ridge matching approach is relatively robust to noise, small overlap area and nonlinear deformations. The Inferiority in the region of high threshold means that the current ridge matching approach behaves not well when handling difficult impostor matches. This should be caused by the following factors: the ridge images of different fingerprints of the same category can be similar, and local ridge images of different fingerprints can be similar too. However, we do not think this means distinctiveness of the ridge matching approach is lower. There is plenty of room for improvement of the current algorithm.
Both intuition and analysis on ROC curves remind us that ridges are complementary to minutiae and the combination of the two approaches could provide better performance. Therefore, a classifier combination with sum of matching scores given by the two matchers is tested on the same databases, using the same performance evaluation protocol. The EER is 1.0%. The ROC curves are also plotted in Fig. 2 . From the figure, we can see that the ROC curve of the combiner is better than any single matcher in the whole threshold region.
The above experiments were conducted on a PC with P4 2.2 processor, running Windows 2000. The matching times of the ridge-based one and the minutiae-based one are 63 ms and 9 ms, respectively. Since the number of ridge points is approximately 20 times larger than that of minutiae, this fact is acceptable.
(a) (b) 
Summary and Future Work
We have proposed a ridge-based fingerprint matching algorithm. The basic idea is to establish the exact ridge correspondence between two fingerprints and compute matching score based on the length of matched ridges. The algorithm incrementally matches ridges using a recursive function. To allow for in-class variations in ridge structures, ridges can be split into small ridges. To prevent impostor matches due to ridge splitting, consistency constraints are imposed. Experiments on FVC2002 databases show that the ridge-based approach performs comparably to the minutiae-based one and the matching performance can be further improved by a combination of the two complementary matchers. There are some defects in current ridge matching algorithm. For genuine matches, searching for local optimal matches of individual ridges does not necessarily lead to a global optimal match of the whole ridge patterns; moreover, the matching procedure can be stopped at seriously damaged regions of the ridge images. For impostor matches, the local ridge relations exploited currently are too weak. Stronger consistent constraints should be introduced in our work in future. Furthermore, we notice that that in a ridge image, some ridges are more important or reliable than others. Therefore, it will be beneficial to assign a weight to each ridge to indicate its importance and to incorporate this information into the matching algorithm. Finally, the computational complexity of the algorithm should also be decreased.
